Abstract: A novel multilayer film based on Au nanoparticles (AuNPs) and polyaniline/carboxylated multiwall carbon nanotubes-chitosan nanocomposite (PANI/MWCNTs/CS) was exploited to fabricate a highly sensitive immunosensor for detecting chlorpyrifos. PANI-coated MWCNTs were prepared by in situ chemical polymerization and carboxylated MWCNTs played an important role in obtaining the thin and uniform coating of PANI resulting in the improved immunosensor response. AuNPs were used as a linker to immobilize chlorpyrifos antibody. The performance of the immunosensor was characterized by means of cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and scanning electron microscopy (SEM), respectively. All variables involved in the preparation process and analytical performance of the immunosensor were optimized. Under optimal conditions (antibody concentration: 5 µg/mL, working buffer pH: 6.5, incubation time: 40 min, incubation temperature: 25℃), the immunosensor exhibited a wide linear range from 0.1 to 40 × 10 −6 mg/mL and from 40 × 10 −6 mg/mL to 500 × 10 −6 mg/mL, and with a detection limit of 0.06 × 10 −6 mg/mL, which provided a valuable tool for the chlorpyrifos detection in real samples.
Introduction
Various pesticides derived from synthetic chemicals are used for crops protection worldwide to enhancement their quality and yield as well as to extend storage lifetime [1, 2] . Chlorpyrifos (O,O-diethyl-O-(3, 5, 6-trichloro-2-pyridyl)-phosphorothioate), a broad spectrum OP insecticide, is one of the most widely used organophosphate insecticides in agriculture to control pests and enhance production [3] . However, its highly toxicity and accumulation in living organisms has raised public concern regarding food safety and human health [4, 5] . Thus, the detection of pesticide residues is crucial importance for human health and environment protection. At present, diverse analytical methods have been developed for analysis of chlorpyrifos residues such as gas chromatography (GC), high performance liquid chromatography (HPLC), capillary electrophoresis (CE) and mass spectrometry (MS) [6] [7] [8] . Although these methods are sensitive, reliable and standardized techniques, they have drawbacks such as extensive time consumption, expensive instrumentation and complicated pretreatment procedure, which limit the application for real-time detection [6, 9] . Thus, the develop-ment of rapid determination and reliable quantification detection methods have become increasingly important for ensuring food safety and quality, especially in field of on-line applications.
As we all known, biosensors are regarded as suitable complementary tools for the real-time and on-site detection of pesticide residues in real samples and have been an active research area for some years [10] . Immunosensors are biosensors that are provided with the selectivity in view of immunological interactions using antibodies (Ab) or antigens (Ag) as the specific sensing element, and provide concentration-dependent signals [11] . In consideration of the development of immunosensors, the Ab/Ag immobilization onto a transducer or a support matrice is a crucial step in improving the analytical performance [12, 13] . Generally, the sensitive steps of surface modification are characterized by CV and electrochemical impedance spectroscopy (EIS), respectively, which are powerful tools for mechanistic analysis of interfacial processes and for evaluating impedance and current changes. In recent years, various kinds of nanomaterials have been widely applied in immunosensor fabrication to enhance the sensitivity of the electrochemical detection for targets, such as metal nanoparticles [14] , multiwall carbon nanotubes (MWCNTs) [15] , and so on.
Au nanoparticles (AuNPs) have attracted wide interests in constructing electrochemical immunosensors with ligament sizes at nanometer scale, high surface-tovolume ratio, stability, high in-plane conductivity and biocompatibility, such as DNA-AuNPs assemblies , enzymes biosensors and immunosensors [16] . They are suitable for serving as "electronic wires" to enhance the electron transfer between redox centers in biomolecules and electrode surfaces [17] .
Conducting polymers (CPs), basically organic conjugated polymers, have drawn much attention as electrode material in the fabrication of biosensors. The conjugated π-electron backbones in their chemical composition induce their unusual electrochemical characteristics including low ionization potential, high electrical conductivity and high electronic affinity [18] . Polyaniline (PANI) is the first conducting polymer to be commercialized and now has been applied ranging from batteries to biosensor [19] . It acts as an effective mediator for electron transfer in redox and brings on the advantages to improve biosensor performance, such as improved response properties and high sensitivity [20] . Biological and electronic properties of PANI were modified by doping different types of inorganic nanomaterials [21] .
MWCNTs are often used in the construction of electrochemical immunosensors because of their extraordinary properties including large aspect ratio, excellent electrical conductivity, and extremely high mechanical strength and stiffness [22] [23] [24] . The combination of MWCNTs and polymer not only possess the properties of each component with a synergistic effect, but also is of increasing importance due to its simplicity of construction and ability to incorporate biorecognition elements into its porous structures [16] .
As mentioned above, we introduced a novel electrochemical immunosensor based on AuNPs and PANI/MWCNTs/CS for the detection of chlorpyrifos. The aim of this work was to develop a simple, stable, sensitive, and low-cost immunosensor for chlorpyrifos detection. The high surface area and conductivity of MWCNTs in the particular PANI/MWCNTs composite systems boosted up the redox properties of conducting polymers. Besides, the composite could provide remarkable synergistic effect to keep the bioactivity of the immobilized biomolecules and facilitate electron transfer between the redox center and the electrode surface. AuNPs can firmly adsorb antibody because of its large specific surface area, good biocompatibility and high surface free energy. The performance and factors influencing the immunosensors' performance involving the concentration of antibody, pH of the detection solution, incubation time and incubation temperature were investigated in detail.
Materials and methods

Reagents
Anti-chlorpyrifos monoclonal antibody was purchased from Lifeholder. Chlorpyrifos was purchased 
Apparatus
CV and EIS measurements were performed with CHI660D electrochemical workstation (Shanghai Chenhua Co., China). A conventional three-electrode system was employed with a saturated calomel electrode (SCE) as the reference electrode, a platinum electrode as the auxiliary electrode, and a glassy carbon elec-trode (GCE) (d=3 mm) or modified GCE as the working electrode. The morphologies of PANI/MWCNTs nanocomposite and AuNPs and the fabrication process of the immunosensor were observed by a scanning electron microscope (SEM, SIRION, FEI, Netherlands).
Preparation of the immunosensor
Preparation of PANI/MWCNTs/CS nanocomposite Aniline purification was carried out by distillation in vacuum before use. MWCNTs were used as the template for the in situ polymerization of PANI. The polymerization of aniline was accomplished in the distilled water using hydrochloride (HCl) as oxidant of aniline and ammonium persulfate (APS) as initiator.
1 g of aniline monomer and 0.12 g carboxylated MWCNTs were dropped into a small amount of distilled water and stirred continuously for 10 min. 1 mL of HCl was then added in the aniline/MWCNTs mixture. 1 g of APS dissolved in 20 mL distilled water was slowly added in the aniline/MWCNT mixture to initiate the polymerization. The polymerization was carried out for 6 h below 5℃ with constant mechanical stirring. The synthesized PANI/MWCNTs nanocomposite was pretreated by suction filtration and rinsed several times with the distilled water, methanol, and acetone, respectively. The nanocomposite powders were dried under vacuum at 40℃ for 24 h [25] . 0.3 g chitosan (CS) flakes were weighed and dissolved in aqueous solution of 60 mL 1.0 % acetic acid. Then 60 mg PANI/MWCNTs nanocomposite powder was added into above 0.5 wt% CS and the miscible liquid should be ultrasonically dispersed for 8 h to give a stable suspension.
Preparation of AuNPs
AuNPs were prepared by a trisodium citrate reduction method as reported before [26] . Briefly, trisodium citrate (5 mL, 38.8 mM) was rapidly added to a boiling solution of HAuCl 4 (50 mL, 1 mM), and the solution was kept continually boiling for another 30 min under vigorous stirring to give a wine-red solution. After cooling down to room temperature, the solution was stored in a lucifugal condition at 4℃.
Electrode surface cleaning GCE (3 mm diameter) was first sonicated in a mixture solution of "piranha solution" (H 2 SO 4 :30% H 2 O 2 = 3:1) and rinsed with distilled water. Then the bare GCE was polished to a mirror finish with 0.3 and 0.05 µm alumina slurry. After it was thoroughly washed ultrasonically in 6.0 M HNO 3 , ethanol and distilled water, the bare GCE was scanned in 0.5 M H 2 SO 4 between −1 and 1 V with a scan rate of 0.1 V/s until a steady-state curve was obtained. Then the electrode was rinsed with distilled water and dried in air. The fabrication of immunosensor 6 µl PANI/MWCNTs/CS dispersion was dropped onto the surface of the GCE (denoted as PANI/MWCNTs/CS/GCE). Then the prepared electrode was rinsed with distilled water to remove loosely adsorbed PANI/MWCNTs/CS. The AuNPs was coated on the electrode soon afterwards (denoted as AuNPs/PANI/MWCNTs/CS/GCE). The AuNPs were adsorbed onto the PANI/MWCNTs/CS/GCE by chemisorptions-type interactions between NH 2 group and AuNPs. Subsequently, the modified electrode was immersed in the anti-chlorpyrifos antibody solution at 4℃ for about 12 h (denoted as anti-chlorpyrifos/AuNPs/PANI/MWCNTs/CS/GCE). AuNPs, for antibody immobilization, could improve the electrochemical signal and adsorption capacity of antibody, and thus enhanced the detection sensitivity.
At last the electrode was incubated in 5% BSA solution for about 1 h in order to block possible remaining active sites and avoid the non-specific adsorption (denoted as BSA/antichlorpyrifos/AuNPs/PANI/MWCNTs/CS/GCE). The finished immunosensor was stored above the 0.1 M PBS at 4℃ when not in use. The procedures used for construction of the immunosensor were shown in Scheme 1.
Electrochemical measurements
The scanning electron micrographs of AuNPs and PANI/MWCNTs/CS film were observed with SEM. The electrochemical characteristics of the modified electrode were investigated by CV and EIS which were performed in 15 mL of 0.1 M PBS (pH 6.5) containing 5 mM
(1:1 mixture as a redox probe) and 0.1 M KCl at room temperature. CV was performed over a potential range from −0.3 to 0.7 V at a scan rate of 50 mV/s (vs. SCE) and EIS was measured at a potential of 0.2 V in the frequency range from 0.1 to 10
5 Hz with voltage amplitude of 5 mV. Three parallel experiments were operated for each detection. The chlorpyrifos detection was based on the inhibition (%), the relative change in current response, which was calculated as follows:
Where I 0 is the peak current of the CV after blocking nonspecific binging sites by BSA and I 1 is the peak current of the CV after chlorpyrifos coupling to the immobilized anti-chlorpyrifos on the prepared immunosensor.
Preparation and determination of real samples
The cabbage, pakchoi, lettuce and leek bought from a local supermarket were washed three times with distilled water and then chopped into 3×3 mm particles approximately. 10 g of each sample was sprayed with different concentrations of chlorpyrifos. After equilibration for 3 h at room temperature to allow pesticide absorption onto the samples, a mixture of 1 mL acetone and 9 mL 0.1 M phosphate buffer (pH=7.4) was added to each sample. The suspensions were treated in ultrasonic for 15 min and then centrifuged for 10 min at 2000 rpm. The clear supernatant extract was analyzed for pesticide inhibition by employing the proposed immunosensor detection method.
Results and discussion
SEM characterization of different films modified on the GCE interfaces
The morphologies and microstructures of different electrode surfaces were characterized by the SEM observation. According to Fig. 1(a) , most of the MWCNTs were in the form of small bundles or single tubes with about 50 nm in diameter. PANI clusters were observed along the MWCNTs for the nanocomposite in Fig. 1(b) . PANI was not coated on the surface of the pristine MWCNTs but grew independently with MWCNTs due to the poor interfacial affinity between the hydrophilic PANI and the hydrophobic MWCNTs. As displayed in Fig. 1(c) , the AuNPs/PANI/MWCNTs/ CS/GCE surface became dim and rough. It could be seen that AuNPs were dispersed uniformly on the PANI/MWCNTs composite film, confirming that AuNPs had been successfully adsorbed on the electrode surface. Figure 2 presented the X-ray diffraction patterns of pure MWCNTs, PANI and PANI/MWCNTs nanocomposites. The pure MWCNTs showed a sharp peak centered on 2θ value of 26
XRD analysis
• which corresponds to the (002) planes of MWCNTs (Fig. 2(a) ). The peaks around 43
• were due to the (110) and (100) graphitic planes plus small amount of catalyst particle encapsulated inside the walls of the MWCNTs [27] . The characteristic peaks of the PANI were observed around 2θ values of 10, 15, 21, 25
• corresponding to (001), (011), (020) and (200) reflections of emeraldine salt form (Fig. 2(b) ) [28] . The nanocomposites showed the characteristic peaks of both PANI and MWCNTs without any additional bands indicating absence of covalent interactions between the phases (Fig. 2(c) ) [29] . The slight shifting in the peak positions might be ascribed to charge transfer interactions between PANI and MWCNTs leading to variations in chain packing and configurations. The formation of nanocomposite was due to π-π attraction between the hexagonal surface lattice of the MWCNTs and the planar structured molecules of PANI. 3−/4− at a scan rate of 50 mV/s. As shown in Fig. 3 , the immobilization of PANI/MWCNTs/CS on the bare GCE ( Fig. 3(a) ) leads to an obvious increase in peak current of the redox probe (Fig. 3(b) ), ascribing to the redox activity of PANI augmented by conductive MWCNTs. Furthermore, the peak current increased after the AuNPs were adsorbed onto the surface of the PANI/MWCNTs/CS nanocomposite film (Fig. 3(c) ). The reason may be the fact that AuNPs were similar as an electron-conducting tunnel or a conducting wire which can facilitate fast direct electron transfer. However, after antibody (Fig. 3(d) ) was absorbed on the electrode surface, the current response was reduced obviously, which attributed to the inert electron layer of anti-chlorpyrifos molecules. At last, a further decrease of the peak current was observed when BSA was immobilized on the electrode interface (Fig. 3(e) ), resulting from the insulating protein of BSA. After chlorpyrifos molecules were combined with the antibodies, a decrease of the redox peaks was observed (Fig. 3(f) ). 3−/4− as the redox probe, and the results were in agreement with the conclusions obtained from the CV data. In EIS, the semicircle diameter equals the electron transfer resistance, Rct. This resistance controls the electron transfer kinetics of the redox probe at the electrode interface. It can be seen that a well defined semicircle at high frequencies and a linear part at low frequencies were obtained at the bare GCE (Fig. 4(a) ). When PANI/MWCNTs/CS (Fig. 4(b) ) and AuNPs (Fig. 4(c) ) were assembled onto the electrode surface, Rct gradually decreased, attributed to the PANI/MWCNTs/CS and AuNPs layers for serving as conductive layers and increasing the interfacial electron transfer between the electrode and the detection solution. Furthermore, the Rct of anti-chlorpyrifos/AuNPs/PANI/MWCNTs/CS/GCE immunosensor (Fig. 4(d) ) showed an apparent increase than the former, for that antibody acted as an inert electron layer and hindered the electron transfer [30] . At last, the Rct increased again in a similar way after BSA (Fig. 4(e) ) and chlorpyrifos (Fig. 4(f) ) were absorbed on the electrode surface, which were caused by the nonconductive properties of biomacromolecule.
Cyclic voltammetry characterization
Electrochemical impedance spectroscopy
Optimization of experimental parameters Effect of the anti-chlorpyrifos antibody concentration
The specific antibody is an important factor influencing the sensitivity of a competitive immunoassay.
For the sake of studying the effect of anti-chlorpyrifos antibody concentration, a series of antibodes with the concentration from 0.1 µg/mL to 20 µg/mL were investigated. As presented in Fig. 5(a) , the inhibition ratio, that is the relative change in current response, was found to increase with the increasing of the antibody concentration ranges from 0.1 µg/mL to 5 µg/mL and then rapidly decreased as the antibody concentration increased further. The inhibition ratio reached the maximum at a concentration of 5 µg/mL. The results were attributed to that for lower concentration of the antibody the system becomes saturated and the specific reaction beween chlorpyrifos and anti-chlorpyrifos antibody obeys the mass law. Thus, to maximize the effect of analyte competition, an antibody loading of 5 µg/mL was chosen in further experiments.
Effect of working buffer pH on the immunosensor response
The effect of the acidity of the working buffer were reported to play an important role on activities of the antigen and antibody [31] . The chlorpyrifos antibody modified electrode was incubated in phosphate buffer solutions containing 5. 
Effect of incubation time on the immunoreactions
The incubation time was an important parameter for capturing chlorpyrifos before it reached the saturated equilibrium. The mechanism is that: a short incubation time would lead to the insufficiency of the reaction and a long incubation time would cause the dissociation of the chlorpyrifos-antibody complex. The immunosensor was incubated in a standard chlorpyrifos solution of 100 × 10 −6 mg/mL from 10 to 60 min. The relative change in peak current was rapidly increased with the duration of the incubation time up to 40 min and there was no obvious increase of the inhibition ratio after 40 min (shown in Fig. 5(c) ), which indicated an equilibration state was reached. Namely, 40 min was recommended as the optimal incubation time for immunoreactions.
Effect of incubation temperature on the immunoreactions
The effect of temperature on the immunoreaction has been reported to be vital to the activity of the antibody and pesticides. As is well-known, 37℃ could be an optimal temperature for immunoreaction. Nevertheless, a high temperature may damage the multilayer film structure of PANI/MWCNTs/CS nanocomposite and AuNPs, and affect the lifetime of the immunosensor. Therefore, synthetic consideration of the lifetime, sensivitity of the immunosensor and activity of biomolecules, room temperature (about 25℃) was selected as the optimal incubation temperature for practical application.
Amperometric response of the immunosensor to chlorpyrifos concentration
The amperometric response of the immunosensor to chlorpyrifos concentration is based on the change of the reduction peak current before and after immunoreaction. Under optimal experimental conditions, the immunosensors were incubated in different concentrations of chlorpyrifos standard solutions for 40 min, and then CV measurements were performed in 0.1 M PBS (pH=6.5) containing 5.0 mM [Fe(CN) 6 ] 3−/4− and 0.1 M KCl. The calibration plot for chlorpyrifos detection with the obtained immunosensor was illustrated in Fig. 6(b) . Figure 6 (a) showed the peak currents decreased with the increase concentrations of chlorpyrifos. It may be due to that more chlorpyrifos binding to the immobilized antibodies in higher chlorpyrifos concentrations, in which chlorpyrifos-antibody complex formed an additional layer to block the electron transfer from solution diffusing to the surface of electrode. As obtained in Fig. 6(b) , there was a good linear relationship between the relative current change and logarithm of chlorpyrifos concentration in the range from 0.1 to 40 × 10 −6 mg/mL and from 40 to 500 ×10 −6 mg/mL. The linear regression equation is %∆I = 9.2401+ PPy-PVS/ITO (Eletrochemical entrapment) 1.6-20 1.6 ng/mL [36] dsCT-DNA/PANI-PVS/ITO 0.5-200 0.5 ng/mL [37] AChE/MWCNTs-TCNQ/SPE 0.35-35 0.1 ng/mL [38] AChE/CPBA/GR-AuNPs/GCE 0.5-10
10-100 0.1 ng/mL [39] BSA/anti-chlorpyrifos/AuNPs/PANI/MWCNTs/GCE 0.1-40 40-500 0.06 ng/mL This work 6.1659lgC (10 −6 mg/mL) and %∆I=-22.436+27.235lgC (10 −6 mg/mL), with the correlation coefficients of 0.9913 and 0.9904, respectively. The detection limit was estimated to be 0.06×10 −6 mg/mL at a signal/noise of 3 (S/N=3) between the detection signal of low concentration samples and the noise of blank samples.
The performance of the proposed immunosensor was compared with other reported sensors for the determination of chlorpyrifos. As illustrated in Table 1 , the prepared immunosensor had a relative large linear range and lower detection limit, indicating the feasibility and the superiority of the immunosensor which was reliable for the detection of chlorpyrifos.
Reproducibility, stability, regeneration and selectivity of the immunosensor
The reproducibility of the developed immunosensor, an important parameter, was tested with interassay precision. The interassay precision was evaluated with same chlorpyrifos concentration with five immunosensors independently prepared in the same experimental conditions. A relative standard deviation (RSD) of the parallel measurements from 3% to 5% was obtained, indicating acceptable precision and fabrication reproducibility.
The stability, another significant parameter of immunosensor, was considered by long term storage over 30 days. The proposed immunosensors were suspended over the PBS (pH=7.4) at 4℃ for 30 days, and measured the change of current response to 100 × 10 −6 mg/mL chlorpyrifos solution every 5 days. As we all known, it is unavoidable that the steady state of the modified electrode will gradually decrease after storage and usage for some time due to the slow deactivation of protein and leakage of modified materials on the electrode. There were no obvious changes during the first 20 days, and after a 30 days storage period, the immunosensor could remain 80.8% of the initial response. The good stability might be atttribute to the stability of PANI/MWCNTs composite film, and good biocompatibility of the PANI/MWCNTs nanocomposite and AuNPs.
Regeneration is an important factor in the practical application of immunosensors. After the detection for 100 × 10 −6 mg/mL chlorpyrifos, the immunosensor was immersed into the glycine-HCl buffer (pH=2.8) which provided a better behavior of regenerated immunosensor for about 5 min to dissociate the hapten-antibody complex and washed with PBS solution. The inhibition ratio gradually decreased with the increase of regeneration times and decreased obviously after regenerating 8 times (shown in Fig. 7) . The reason may be that, during continuous being processed by a glycineHCl buffer with the increase of regeneration times, antichlorpyrifos antibody could gradually shell off or denature and the binding activities between antibody and hapten was affected. Besides, the structure of nanocomposite could be destroyed. The results illustrated that the prepared immunosensor could be regenerated and used for at least 8 times. Selectivity of the biological molecule for its analyte is one of the potential advantages of using biological molecules as recognition elements in biosensor. In order to confirm the selectivity of this immunosensor, the immunosensors were respectively incubated with 100 × 10 −6 mg/mL chlorpyrifos coexisting with 100 × 10 −6 mg/mL four other interfering substances which present widely in real samples including monocrotophos, carbaryl, carbofuran, carbofuran-3-hydroxy. As seen in Fig. 8 , no remarkable changes in current response were obtained in the presence of interferences, indicating a satisfactory selectivity of the proposed immunosensor based on the high specific haptenantibody reaction. Fig. 8 The relative change in peak current (%∆I) of the proposed immunosensor to: (1) 100 ng/mL chlorpyrifos; (2) 100 ng/mL chlorpyrifos + 100 ng/mL monocrotophos; (3) 100 ng/mL chlorpyrifos + 100 ng/mL carbaryl; (4) 100 ng/mL chlorpyrifos + 100 ng/mL carbofuran; (5) 100 ng/mL chlorpyrifos + 100 ng/mL carbofuran-3-hydroxy. (1 ng=10 
Analysis of real samples
To evaluate the feasibility of the proposed immunosensor for the analysis of real samples, cabbage, pakchoi, lettuce and leek which were prepared by adding chlorpyrifos of different concentrations were examined. All the measurements were carried out for three times. The detection value was the average of three results and the analytical results were exhibited in Table 2 . The average recovery in the range of 80.6%-108.9% was in acceptable values, and the RSDs between 3.47% and 5.32% were obtained, indicating that the proposed immunosensor may provide an efficient complementary tool for chlorpyrifos detection. 
Conclusions
In this work, a novel electrochemical immunosensor for direct determination of chlorpyrifos by immobilizing anti-chlorpyrifos antibody on the PANI/MWCNTs/CS nanocomposite film using AuNPs as a linker. The nanocomposite exhibited electrochemical redox activity, conductive ability, good biocompatibility, and high stability, which were demonstrated to be well competent for the development of electrochemical immunosensors. AuNPs on the nanocomposite film for antibody immobilization could also improve the electrochemical signal and adsorption capacity of antibody, and thus enhanced the detection sensitivity. Hence the resulting immunosensor integrated the superiorities of sensitive electrochemical detection, specific immunoreaction with nanoparticle amplification technique and good stability, which could provide a promising tool for chlorpyrifos detection in practical application.
